The yolk and white of eggs from chickens contain proteins and other molecules either secreted or transported by cells of the reproductive tract, or secreted by the liver and transported to the ovarian follicles of laying hens. Nutrients transported by solute carriers (SLCs) include glucose, electrolytes, and amino acids. Although SLC genes have been investigated in mammals, there are few studies of expression of SLC genes in the chicken oviduct. Therefore, we investigated temporal and cell-specific expression of selected SLC genes at 3 h and 20 h postovulation and regulation of their expression by microRNAs (miRs). Expression of SLC1A4 (glutamate and neutral amino acid transporter), SLC13A2 (dicarboxylate transporter), and SLC35B4 (UDP-xylose: UDP-N-acetylglucosamine transporter) mRNAs was limited to glandular epithelium (GE), while SLC4A5 (sodium bicarbonate cotransporter) and SLC7A3 (cationic amino acid transporter) mRNAs were expressed predominantly in the luminal epithelium of the magnum. Interestingly, SLC1A4, SLC4A5, SLC13A2 and SLC35B4 mRNAs were abundant only in GE of the shell gland, whereas SLC7A3 was not detected in the shell gland. In the magnum, SLC7A3 and SLC4A5 were expressed, but SLC1A4, SLC35B4, and SLC13A2 were not expressed at 20 h postovulation. In the shell gland, all SLC mRNAs were expressed at both time points, except for SLC7A3. The miRNA target validation assay revealed that miR-1764 and miR-1700 bind directly to SLC13A2 and SLC35B4 transcripts, respectively, to regulate expression. Results of this study demonstrate cell-specific and temporal changes in expression of selected SLC genes and regulation of SLC13A2 and SLC35B4 expression by miRs in the oviduct of laying hens.
INTRODUCTION
The chicken is an established animal model for research on actions of hormones, such as estrogen and progesterone, on the oviduct [1] . In addition, it can be used as a bioreactor to produce therapeutic proteins [2] . Folliculogenesis, ovulation, and egg formation are in response to effects of estrogen on accumulation of components of yolk in the ovarian follicle and calcium metabolism for formation of the egg shell and oviposition [3, 4] . Estrogen also stimulates development of the chicken oviduct, which consists of five segments: infundibulum, magnum, isthmus, shell gland, and vagina [1] . In addition, formation of tubular glands and differentiation of epithelial cells, including goblet and ciliated cells, in the chicken oviduct are induced by estrogen [5] . Estrogen is also required for the expression of genes for synthesis of egg white proteins in the magnum of the oviduct of laying hens [6] .
Concentrations of progesterone in blood of chickens are greatest between 6 and 4 h prior to ovulation and the preovulatory surge of LH. Progesterone can induce ovulation in the absence of a preovulatory gonadotropin surge [7] . The effects of progesterone on development and function of the chicken oviduct appear to be dependent on its interaction with estrogen, including development and function glands and associated glandular epithelial cells [7] [8] [9] [10] .
The ovulatory cycle of hens begins with ovulation of an ovum and ends with oviposition, which requires 24-28 h. The 24-h ovulatory cycle is characteristic of chicken and turkey, as well as several other avian species, including Japanese quail and bobwhite quail. After ovulation, the ovum is engulfed by the infundibulum, where it resides for 15-30 min for fertilization [11] . The infundibulum produces the first layer of albumen, and then the ovum is transported into the magnum, where the majority of albumen and other proteins in egg white, as well as other components, including calcium, accumulate over a period of 2-3 h [8] . The egg mass is then transported into the isthmus and resides there for 1-2 h to acquire its outer and inner shell membranes. Finally, the egg mass moves into the shell gland (also referred to as the uterus), which is characterized by its pouch-like appearance and prominent longitudinal muscle layer, glandular epithelium (GE), and luminal epithelium. The egg resides in the shell gland for 18-26 h to allow for egg shell calcification. The vagina adds the egg shell cuticle, protecting the egg against microorganisms, and serves as conduit between the shell gland and cloaca during oviposition [12] .
The solute carriers (SLCs) are membrane proteins that transport various molecules across the cell membrane. There are 229 SLC genes in the chicken genome [13] likely involved with transport of molecules, including glucose and other sugars, amino acids, inorganic ions, and minerals, such as iron and zinc [14] . Several SLC genes also affect digestive enzymes and regulatory factors [15] [16] [17] [18] . MicroRNAs (miRs), which consist of 18-25 nucleotides, are expressed in multicellular organisms to control gene expression by regulating mRNA stability and translation [19] . Therefore, miRs are regulators of a variety of biological processes, such as cell proliferation, differentiation, development of organs, and embryonic development. Hundreds of miRs have been reported in chickens, but differential expression and function is known for only a few miRs. Therefore, new knowledge of chicken miRs allows researchers to integrate and organize functional data to better understand integrated regulatory mechanisms and the role(s) of newly discovered miRs in chickens. Phenotypic changes in the reproductive tract of hens during the reproductive cycle and laying cycle reflect posttranscriptional regulation of gene expression [20] . However, little is known about posttranscriptional gene regulation via miRs in reproductive tissues of chickens. Reports on the role of key modulators of gene expression for functions of the oviduct in laying hens are limited, and miR-related regulation of expression of members of the SLC family of genes are not available.
In this study, we tested the hypothesis that expression of selected SLC genes are temporally associated with formation of the egg mass and development of the chick embryo through actions for transport of molecules, including amino acids, carbohydrates, minerals, and ions, in to the lumen of the reproductive tract. The expression patterns of selected members of the SLC family of genes were examined in the oviduct of laying hens at 3 and 20 h postovulation. Formation of the egg and embryonic development in hens occur as the yolk passes through infundibulum (15 min), magnum (3-4 h), isthmus (75 min), and shell gland/uterus (18-20 h) before oviposition through the vagina and cloaca. Fertilization takes place in the infundibulum, the second meiotic division is completed during passage of the ovum through the magnum, and the first mitotic division occurs 3-5 h after the zygote enters the shell gland [21] . Based on the chicken genome database and results from high-throughput analyses using the chicken DNA microarray [22] , this study focused on expression of the following genes: SLC family 1, glutamate/neutral amino acid transporter, member 4 (SLC1A4); SLC family 4, sodium bicarbonate cotransporter, member 5 (SLC4A5); SLC family 7, cationic amino acid transporter, yþ system, member 3 (SLC7A3); SLC family 13, sodium-dependent dicarboxylate transporter, member 2 (SLC13A2); and SLC family 35, UDP-xylose/UDP-N-acetylglucosamine transporter, member B4 (SLC35B4) mRNAs.
MATERIALS AND METHODS

Experimental Animals and Animal Care
The experimental use of chickens for this study was approved by the Institute of Laboratory Animal Resources, Seoul National University (SNU-070823-5). White Leghorn laying hens were subjected to standard management practices at the University Animal Farm, Seoul National University, Republic of Korea. All hens were exposed to a daily light regimen of 15L:9D with ad libitum access to feed and water.
Tissue Samples
Hens (n ¼ 5 per time point) were euthanized at 3 and 20 h after ovulation using 60%À70% carbon dioxide. Samples of the magnum and the shell gland of oviducts from each hen at each time point were collected in the same manner from the middle portion of each of the respective tissues. Tissue samples were: 1) removed and placed in OCT embedding compound (Miles, Oneonta, NY), frozen in liquid nitrogen, and stored at À808C; 2) for RNA isolation, frozen immediately in liquid nitrogen and stored at À808C until being analyzed; or 3) fixed in freshly prepared 4% paraformaldehyde in PBS (pH 7.4). After 24 h, tissues fixed in 4% paraformaldehyde were changed to 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus (Leica Microsystems, Wetzlar, Germany).
RNA Isolation
Total cellular RNA was isolated from frozen tissues using Trizol reagent (Invitrogen, Carlsbad, CA) according to manufacturer's recommendations. The quantity and quality of total RNA was determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
In Situ Hybridization Analysis
Total RNA was extracted from frozen tissues using Trizol reagent and cDNAs were synthesized using total RNA and AccuPower RT PreMix (Bioneer, Daejeon, Korea). The mRNA sequences of chicken SLCs were obtained from a BLAST search of the Gallus gallus genome database at the National Center for Biotechnology Information (NCBI). For in situ hybridization probes, PCR products were generated from each cDNA with the primers used for RT-PCR analysis ( Table 1 ). The products were gel extracted and cloned into pGEM-T vector (Promega). After verification of the sequences, plasmids containing gene sequences were amplified with T7-and SP6-specific primers (T7:5 0 -TGT AAT ACG ACT CAC TAT AGG G-3 0 ; SP6:5 0 -CTA TTT AGG TGA CAC TAT AGA AT-3 0 ). Then, digoxigenin (DIG)-labeled RNA probes were transcribed using a DIG RNA labeling kit (Roche Applied Science, Indianapolis, IN). Tissues were collected, fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 5 lm, and sections placed on APES-treated (silanized) slides. The sections were then deparaffinized in xylene and rehydrated to diethylpyrocarbonate (DE-PC)-treated water through a graded series of alcohol. The sections were treated with 1% Triton X-100 in PBS for 20 min and washed twice in DE-PC-treated PBS. The sections were then digested in 5 lg/ml Proteinase K (Sigma Chemical Co., St. Louis, MO) in TE buffer (100 mM Tris-HCl, 50 mM EDTA, pH 8.0) at 378C. After postfixation in 4% paraformaldehyde, sections were incubated twice for 5 min each in DE-PC-treated PBS and incubated in TEA buffer (0.1 M triethanolamine) containing 0.25% (v/v) acetic anhydride. The sections were incubated in a prehybridization mixture containing 50% formamide and 43 standard saline citrate (SSC) for at least 10 min at room temperature. After prehybridization, the sections were incubated with a hybridization mixture containing 40% formamide, 43 SSC, 10% dextran sulfate sodium salt, 10 mM DTT, 1 mg/ml yeast tRNA, 1 mg/ml salmon sperm DNA, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.2 mg/ml RNase-free bovine serum albumin, and denatured DIG-labeled cRNA probe overnight at 428C in a humidified chamber. After hybridization, sections were washed for 15 min in 23 SSC at 378C, 15 min in 13 SSC at 378C, 30 min in NTE buffer (10 mM Tris, 500 mM NaCl, and 1 mM EDTA) at 378C and 30 min in 0.13 SSC at 378C. After blocking with 2% normal sheep serum (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), the sections were incubated overnight with sheep anti-DIG antibody conjugated to alkaline phosphatase (Roche, Indianapolis, IN). The signal was visualized by exposure to a solution containing 0.4 mM 5-bromo-4-chloro-3-indolyl phosphate, 0.4 mM nitroblue tetrazolium, and 2 mM levamisole (Sigma).
MicroRNA Target Validation Assay
The sequence information for the 3 0 -untranslated regions (3 0 -UTRs) of SLC13A2 and SLC35B4 was obtained from the NCBI sequence database. We then amplified those regions using 3 0 -UTR-specific primers, and PCR products were generated from chicken oviduct cDNA and cloned into the pGEM-T vector (Promega). After verification of the sequences, the 3 0 -UTR was subcloned between the enhanced green fluorescent protein (eGFP) gene and bovine growth hormone (bGH) poly-A tail in pcDNA3eGFP (Clontech, Mountain View, CA) to generate the eGFP-miR target 3 0 -UTR (pcDNA-eGFP-3 0 UTR) fusion constructs. For the dual fluorescence reporter assay, the fusion contained the DsRed gene and miR-1812, miR-1620, or miR-1764 for SLC13A2. SLC35B4 fusion constructs also contained the DsRed gene and miR-1555, miR-1612, miR-1741, or miR-1700. The constructs were designed to be coexpressed under control of the CMV promoter (pcDNA-DsRed-miR). The pcDNA-eGFP-3 0 -UTR and pcDNA-DsRed-miR (3 lg) were cotransfected into 293FT cells using the calcium phosphate precipitation method [23] . The 293FT cell line is commonly used, because the cells are relatively easy to culture in a LIM ET AL. laboratory, and the cells allow high levels of protein to be expressed from vectors. These cells are also easily transfectable using standard methods, including calcium phosphate precipitation. When the DsRed-miR is expressed and binds to the target site of the 3 0 -UTR downstream of the GFP transcript, green fluorescence intensity decreases due to degradation of the GFP transcript. At 48 h posttransfection, dual fluorescence was detected by fluorescence microscopy and calculated by FACS Calibur flow cytometry (BD Biosciences). For flow cytometry, the cells were fixed in 4% paraformaldehyde and analyzed using FlowJo software (Tree Star Inc., Ashland, OR).
Quantitative PCR Analysis of miRNAs
Total RNA was extracted at each time point from the oviduct of chickens using TRIzol (Invitrogen) and purified using an RNeasy Mini Kit (Qiagen). The miRNA first strand cDNA was synthesized from total RNA (1 lg) using the miRNA First-Strand cDNA Synthesis Kit (Stratagene). Total RNAs were treated with Escherichia coli poly-A polymerase to generate a poly-A tail at the 3 0 -end of each miRNA. Following polyadenylation, cDNAs were synthesized using the RT adaptor primer. Quantitative RT-PCR analysis for miRNA-firststrand cDNAs was performed using the High-Specificity miRNA QPCR Core Reagent Kit (Stratagene) and a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA). The PCR reaction mixture was prepared by adding 2.5 ll of 103 core PCR buffer, 2.75 ll of 50 mM MgCl 2 , 10 ll of 20 mM dNTPs, 1.25 ll of 203 EvaGreen dye, 1.0 ll of 3.125 lM universal reverse primer, 1.0 ll of 3.125 lM miRNA-specific forward primers, and 0.5 ll of High-Specificity polymerase in 25 ll, including the prepared miR cDNA. Data from quantitative PCR were normalized relative to expression of U6 snoRNA (endogenous control) for miR, respectively, and calculated using the 2 ÀDDCt method. These experiments were conducted in triplicate.
Statistical Analyses
Data from quantitative PCR for miRs were subjected to ANOVA according to the general linear model (PROC-GLM) of the SAS program (SAS Institute, Cary, NC) to determine whether effects time postovulation were significant. Data presented are means 6 SEM unless otherwise stated.
RESULTS
Localization of SLC1A4, SLC4A5, SLC7A3, SLC13A2, and SLC35B4 mRNAs in the Chicken Oviduct at Different Stages of the Laying Cycle
In situ hybridization was used to determine cell-specific localization of the SLC mRNAs in the chicken oviduct at 3 and 20 h after ovulation. In the magnum of the chicken oviduct, there was strong expression of SLC1A4, SLC13A2, and SLC35B4 in the GE at 3 h, but little or no detectable expression at 20 h postovulation in either GE or luminal epithelium (LE) (Fig. 1) . Expression of SLC4A5 and SLC7A3 mRNAs was weak in GE of the magnum at 3 h, but SLC7A3 was more abundant in LE and GE, and SLC4A5 was more abundant in LE of the magnum at 20 h postovulation. In the shell gland, SLC7A3 was essentially undetectable at both 3 and 20 h postovulation, while SLC1A4 was readily detectable at 3 h, but not at 20 h postovulation. Expression of SLC4A5, SLC13A2, and SLC35B4 mRNAs were expressed strongly in GE of the shell gland at both 3 and 20 h postovulation (Fig. 2) .
Posttranscriptional Function of the miRNAs on SLC13A2 and SLC35B4
Analysis of potential miR binding sites within the 3 0 -UTR for SLC13A2 and SLC35B4 utilized an miR target prediction database (miRDB; http://mirdb.org/miRDB/) which revealed three miRs (miR-
0 -UTR region. After cotransfection with eGFP-SLC13A2 or e-GFP-SLC35B4 3 0 -UTR and DsRed-miRNA, the intensity of GFP expression and percentage of GFP-expressing cells were analyzed by fluorescence microscopy and fluorescence-activated cell sorting. As shown in Figure 3A , the presence of miR-1764 decreased (P , 0.01) the intensity and percentage of GFP-expressing cells (51.5% in control vs. 6.6% in miR-1764). On the other hand, in the presence of miR-1812 and miR-1620 for SLC13A2, there was no significant decrease in GFP as compared to the control (data not shown). Furthermore, expression of miR-1764 increased in the magnum at 20 h postovulation as compared with 3 h postovulation (Fig. 3B ). However, the expression level of this miR was not significantly different in the shell gland between the two sampling times. In addition, as illustrated in Figure 4A , the presence of miR-1700 decreased (P , 0.01) the intensity and percentage of GFP-expressing cells (59.6% in control vs. 4.9% in miR-1700). However, in the presence of miR-1555, miR-1612, and miR-1741 for SLC35B4, there was not a significant decrease in GFP as compared to the control (data not shown). The level of expression of miR-1700 increased in the magnum at 20 h as compared to 3 h postovulation, but was unchanged in the shell gland between 3 and 20 h postovulation (Fig. 4B) .
DISSCUSION
Results of the present study provide evidence for differential expression of selected SLC mRNAs in GE and/or LE between 3 and 20 h postovulation when the egg mass is in the magnum and shell gland, respectively. In the magnum and shell gland of hens, many genes associated with physiological events, embryonic development, and cellular and molecular functions occur between 3 and 20 h postovulation [22] . Based on findings from studies of the mammalian reproductive tract, we hypothesized that temporal and cell-specific changes in expression of SLC genes during the ovulatory cycle are crucial for development of chick embryos and an environment that supports embryonic survival through transport of various molecules, including amino acids, metal ions, and minerals, including calcium ions. The candidate SLC genes have functions related to embryonic development in mammals. The results of this study support our hypothesis in that the selected SLC genes have different temporal and cell-specific patterns of expression in the magnum and shell gland at 3 and 20 h of the laying cycle, which may be critical for supporting embryonic development. Article 145
The SLC1A4 gene encodes for a Na þ -dependent neutral amino acid transporter (also called ASCT1) [24, 25] that regulates the exchange of neutral amino acids and is insensitive to inhibition by K þ [26] . SLC1A4 transports L-serine, Lcysteine, L-alanine, and L-threonine in a stereospecific manner [27] . SLC1A4 is expressed in the ovine uterus for transport of amino acids that likely support growth, development, and survival of the conceptus [28] . For example, cysteine has an important role in cell growth and cell morphology [29, 30] . In the present study, SLC1A4 mRNA was expressed in GE of the magnum at 3 h when the fertilized ovum undergoes the second meiotic division. Along with albumen secreted by epithelium of the magnum at 3 h postovulation, neutral amino acids transported into the lumen of the oviduct by SLC1A4 are incorporated into the egg mass for support of growth and development of the chick embryo. In the shell gland, SLC1A4 was expressed in GE at both 3 and 20 h, which suggests that it has an important role for transport of neutral amino acids into the lumen of the shell gland to create an environment conducive to calcification of the egg shell.
The SLC4A5 gene encodes for a protein that is an electrogenic Na þ -HCO 3 À cotransporter [31] . Bicarbonate ions have an important role in many reproductive processes, including fertilization, and embryonic development in mammals. In the human, regulation of bicarbonate transport is important for maintaining the acid-base balance of tissues [32] , including the reproductive tract [33] . This transporter has a specific function in the regulation of pH, and transports Na þ and HCO 3 À as an electrogenic cotransporter in the same direction [34, 35] . The activity of the HCO 3
À
/Cl
À exchange is especially critical to the viability of mouse embryos [36] . In humans, regulation of bicarbonate ion transport affects such diverse functions as cell division, cellular pH regulation, and acid-base balance of tissues [32] . In the female genital tract, HCO 3 À induces increases in intracellular cAMP through activation of soluble adenyl cyclase, which is essential in many biological systems [37] . In the present study, SLC4A5 mRNA was expressed in both the magnum and the shell gland. Based on the findings from studies of the mammalian reproductive tract, we hypothesize that the SLC4A5 protein in the chicken oviduct may be essential for development of early stage embryos and for maintenance of an intraoviductal environment conducive to embryonic development and for physiological events unique to the shell gland.
The SLC7A3 gene encodes for a cationic amino acid transporter that is Na þ independent, and is also called CAT3
In situ hybridization analysis for cell-specific changes in expression of SLC1A4, SLC4A5, SLC7A3, SLC13A2, and SLC35B4 mRNAs in the magnum of the chicken oviduct at 3 and 20 h after ovulation. GE, glandular epithelium; LE, luminal epithelium. Bars ¼ 100 lm (the first and third horizontal panels and sense) and 50 lm (the second and forth horizontal panels).
LIM ET AL. [38] . In humans, the SLC7A3 gene is expressed moderately in testis, uterus, and mammary gland, and weakly in the ovary. SLC7A3 is also expressed in conceptuses and uterine endometrium, where it transports cationic amino acids, such as arginine that enhances conceptus growth and survival [39] . In chickens, arginine accounts for 85% of guanidino compounds in egg yolk and 48% in egg white, indicating that SLC7A3 is an important transporter of L-arginine in the chicken oviduct [40] . Arginine is now considered a conditionally essential amino acid, since it serves as the substrate for production of nitric oxide and polyamines that are required for embryonic development [39] . In the present study, SLC7A3 mRNA in the magnum was weak in GE at 3 h postovulation, but was more abundant in GE/LE at 20 h postovulation. We hypothesize that expression of SLC7A3 in the magnum is important for transport of arginine into the egg mass at 3 h after ovulation for enhancing development of the embryo through metabolism of arginine to nitric oxide and polyamines which stimulate physiological functions, including vasodilation and angiogenesis within the vascular system [39] . The SLC13A2 gene encodes for a cotransporter of Na þ -dicarboxylate, also called NADC1 or SDCT1 [41, 42] , which regulates calcium deposition in tissues, including the proximal tubules of the kidney [43, 44] . In both mammals and birds, citrate plays a crucial role in the release of energy via the citric acid cycle, and its presence in bone and blood is concerned with calcium metabolism [45, 46] . At high concentrations, the citrate forms a complex with calcium to form relatively insoluble calcium citrate [47, 48] . In the shell gland, there is abundant calcium that complexes with citrate for calcification of the egg shell [49] [50] [51] . In this study, SLC13A2 mRNA was most abundant in the shell gland at 20 h as compared with 3 h postovulation; therefore, it likely contributes significantly to calcification of the egg shell prior to oviposition [49, 51] . Functions of this member of the SLC13 family of transporters in the reproductive tract of female mammals are not well known. However, there is transport of calcium by the placentae of mammals and, in species such as the pig, there are calcium oxalate and calcium citrate deposits known as petrifactions [52] .
The SLC35B4 gene encodes for a protein for transport of nucleotide sugars [53] , such as UDP-galactose, which is one of the nucleotide sugars associated with synthesis of proteoglycans via the hexosamine pathway [53, 54] . Glucosamine, the key amino sugar in the hexosamine pathway, leads to synthesis of proteoglycans that comprise the extracellular matrix [55] . In   FIG. 2 . In situ hybridization analysis for cell-specific expression of SLC1A4, SLC4A5, SLC7A3, SLC13A2, and SLC35B4 mRNAs in the shell gland of laying hens at 3 and 20 h after ovulation. GE, glandular epithelium. Bars ¼ 100 lm (the first and third horizontal panels and sense) and 50 lm (the second and forth horizontal panels).
SLC FAMILY OF GENES IN THE CHICKEN OVIDUCT
addition, glucosamine has a crucial role in embryonic development in mice and cattle [56, 57] . Proteoglycans have an important role in the development of the chick embryo, including brain and cornea [58] [59] [60] [61] . In the present study, SLC35B4 was expressed in the magnum at 3 h postovulation, and at 3 and 20 h postovulation in the shell gland. These results suggest that SLC35B4 likely affects growth and development of embryos, because of its role in transport of substrates for synthesis of components of the extracellular matrix via the hexosamine biosynthetic pathway.
MicroRNAs are expressed in multicellular organisms to control gene expression by regulating mRNA stability and translation [19] . Therefore, miRs are regulators of a variety of biological processes, such as cell proliferation and differentiation, as well as development of organs and embryos. Hundreds of miRs have been reported for chickens, but differential expression and function is known for only a few miRs. Therefore, new knowledge of chicken miRs allows researchers to integrate and organize functional data to better understand integrated regulatory mechanisms and the role(s) of newly discovered miRs in chickens. In fact, phenotypic changes in the reproductive tract of females are dramatic during the reproductive cycle or ovulatory cycle. For these dramatic changes, posttranscriptional regulation of gene expression is a key mechanism for coordinating changes in gene expression [20] . However, little is known about posttranscriptional gene regulation via miRs in reproductive tissues of chickens. Reports on the role of key modulators of gene expression for functions of the oviduct of laying hens are limited, and miR-related regulation of expression of members of the SLC family of genes has not been reported. It is critically important to identify and validate miR-mRNA target pairs [62] . In the present study, we performed the miR target validation assay to identify whether specific miRs bind and repress expression of selected members of the SLC family of genes.
Results of the present study show that the 3 0 -UTR of SLC13A2 and the 3 0 -UTR of SLC35B4 are repressed by miR-1764 and miR-1700, respectively. In vivo expression profiles of these miRs and SLC transcripts were inversely related in the magnum during the laying cycle of hens. Based on these results, we hypothesize that SLC13A2 and SLC35B4 are important targets for miR-1764 and miR-1700 activity, and that these specific miRs are closely related to expression and functions of SLC13A2 and SLC35B4 genes. miR-1764 and miR-1700 targeted SLC13A2 and SLC35B4 via binding sites in their 3 0 -UTR to restrict expression. The observation that expression of SLC13A2 and SLC35B4 could be under miR control is important, because these SLC genes are key transporters for molecules affecting development of the chick embryo and for calcification of the egg shell. MicroRNA-based regulation provides the possibility to fine tune SLC13A2 and SLC35B4 expression independent of transcriptional control, which can contribute to functional gene networks in specific tissues and cells at specific times. Based on the results of the present study, miR-1764 and miR-1700 constitute such regulators of gene expression; however, the significance of this regulation by miR-1764 and miR-1700 remains to be determined. Future studies will elucidate effects of loss of function of miR-1764 and miR-1700 in the chicken oviduct to determine effects on formation of the egg and embryonic development. In addition, identification of other potential gene targets and functional studies will be undertaken to determine the roles of miR-1764 and miR-1700 during the egg-laying cycle of hens.
In summary, the results of the present study are the first to demonstrate posttranscriptional regulation of chicken SLC13A2 and SLC35B4 genes via miRs. The results also provide the first evidence for temporal and cell-specific changes in expression of selected members of the SLC family of genes at 3 and 20 h postovulation in hens, which includes egg formation, oviposition, and embryonic development. It is probable that other members of the SLC family of genes participate in the complex events of the laying cycle of hens, but these are yet to be explored. Taken together, our findings suggest new research approaches for identification of integrated mechanisms for key events in avian reproduction, and provide new insights into the 
posttranscriptional regulation of the SLC family of genes. To our knowledge, this study is the first involving miR-mediated regulation of the SLC gene superfamily in chickens. Understanding the functions of these transporters and miRs is relevant to increasing knowledge of nutrient metabolism, embryonic development and survival, pharmacology, cancer chemotherapy, and improvement of reproduction in chickens [63] . Future studies will be required to identify the integrated mechanisms of gene expression in the chicken oviduct during the ovulatory cycle.
